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[1] Quantifying secular variations in the chemical composition of the Martian crust

provides unique insights into the processes that have guided the evolution of the Martian
crust-mantle system. Using global abundances for a suite of elements determined by the
Gamma Ray Spectrometer (GRS) on board the Mars Odyssey spacecraft and global
mapping of apparent surface age adapted from existing geologic maps in the USGS
Martian Geologic Investigation series, we report the average abundance of K, Th, Fe, Cl,
H, and Si for the major Martian geologic epochs (Noachian, Hesperian, and Amazonian).
Average GRS-determined K and Th abundances generally decrease by 9% and 7%,
respectively, between the Hesperian and the Amazonian, possibly implying evolving
magma chemistry throughout major resurfacing events (although the effects of surficial
alteration processes cannot be entirely discounted). GRS-determined Fe and Cl averages
increase by 12% and 19%, respectively, with younger apparent relative surface age,
suggesting the possible mobilization and transport of these elements through aqueous
processes (although an igneous origin for the variation in Fe also cannot be excluded).
While H abundance does vary with surface age, the relationship is likely not governed by
geologic processes. No statistically reliable apparent surface age relation was found for Si.
Citation: Hahn, B. C., et al. (2007), Mars Odyssey Gamma Ray Spectrometer elemental abundances and apparent relative surface
age: Implications for Martian crustal evolution, J. Geophys. Res., 112, E03S11, doi:10.1029/2006JE002821.

1. Introduction
[2] Secular changes in element abundances, as recorded
in age-specific provinces, reveal significant information
about planetary crustal formation and evolution. Therefore
relating the age of a planetary crust to its chemical composition is of great geologic importance. On Earth, it is a
relatively straightforward task to sample geographically
wide-spread crustal materials, perform detailed chemical
analyses of major and trace element abundances, and
reliably date samples through a variety of field and labora1
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tory methods. The relationship of age to chemistry has been
used for decades to better understand the nature and
evolution of the continental and oceanic crust [Armstrong,
1981; Taylor and McLennan, 1985], the reservoirs of heat
producing elements throughout the crust-mantle system
[Taylor, 2001], magmatic resurfacing histories [Jerram
and Widdowson, 2005], sedimentary processes and recycling [Veizer and Jansen, 1985; Taylor and McLennan,
1985], plate tectonics [Richter et al., 1992], and a wide
array of other important geologic questions. Likewise, lunar
samples returned by the Apollo missions, while more
limited in sampling diversity, have been well characterized
for chemistry and age and consequently, lunar science has
made great progress (see reviews by Taylor [1982, 2001]).
However, for planetary bodies outside the immediate terrestrial neighborhood, these data are difficult to obtain.
Here, we report the first results of correlations between
element abundances determined by GRS and the apparent
relative surface age of the Martian upper crust as determined
by existing geologic mapping and explore some of the
potential implications for better understanding Martian
crustal evolution and global scale surficial processes.
[3] For Mars, chemical and isotopic analyses, including
radiometric dating [Jagoutz, 1991; Nyquist et al., 2001],
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have been performed on the Martian meteorites (SNCs), the
only samples available for detailed laboratory study. However, it is a matter of ongoing discussion as to how fully and
accurately the SNCs represent the overall Martian crust
[McSween, 2002]. Additionally, we cannot determine their
geographic origin with any confidence, as they were removed by impact from unknown Martian provinces and
attempts to constrain these locations using orbital data have
been only partially successful [Hamilton et al., 2003]. The
successful lander missions (Viking 1 and 2, Pathfinder, and
Spirit and Opportunity), measured in situ elemental chemistry for a variety of surface samples; however, no landers
have been equipped with instrumentation necessary for
determining rock ages. Also, the landing sites do not
entirely represent geographic diversity, both due to the
limited number of successful landings (five, to date) and
an understandable site selection bias that favors specific
scientific goals and a maximum probability of safe landing
[Golombek et al., 1997, 2003]. Previous works have examined relationships between variations in Martian crustal
mineralogy derived from the Thermal Emission Spectrometer (TES) and crustal age [McSween et al., 2003].
[4] The 2001 Mars Odyssey orbiter began its primary
mapping mission in February 2002 and the Gamma Subsystem of the Gamma Ray Spectrometer (GRS) instrument
suite has since determined statistically reliable elemental
abundance maps for H, Si, Fe, Cl, K, and Th (see reviews of
instrumentation [Boynton et al., 2004] and summary of
primary scientific results (W. V. Boynton et al., Concentration of H, Si, Cl, K, Fe, and Th in the low-latitude and
midlatitude regions of Mars, submitted to Journal of
Geophysical Research, 2006; hereinafter referred to as
Boynton et al., submitted manuscript, 2006). The GRS
instrument is limited by a surface penetration depth of only
a few tens of centimeters and an areally extensive resolution
footprint of approximately 270 km radius. However, while
being an inherently low-resolution observational tool, GRS
has provided the first detailed global maps of elemental
abundances, has proven to be especially valuable for distinguishing the broad-scale variations in elemental compositions across the Martian surface [Karunatillake et al.,
2006; Keller et al., 2006; Taylor et al., 2006a, 2006b],
and is largely unencumbered by thin surface dust layers that
obscure most other spectroscopic methods (e.g., TES, on
board the Mars Global Surveyor; THEMIS, on board the
2001 Mars Odyssey; and OMEGA, on board the European
Space Agency’s Mars Express spacecraft [Christensen et
al., 2001, 2003; Bibring et al., 2005]). The GRS elemental
abundance maps provide the chemical data used in this
study.
[5] Currently, the only means of constraining Martian
surface age is through the analysis of crater count statistics,
cross-cutting relationships, and stratigraphic position. Since
the first orbital images of the Martian surface were returned,
the USGS and other groups have been reliably mapping the
geology of Mars. We have adapted a suite of these maps
[Scott and Tanaka, 1986; Greeley and Guest, 1987; Tanaka
and Scott, 1987] to create a global apparent relative surface
age data set of the Martian surface for comparison to GRS
determined elemental abundances (see Methods below).
Discussion continues about the uncertainties attached to
relative ages derived by these methods; however, while
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absolute surface ages may not be well-constrained, relative
ages between geologic provinces at regional scales are
likely quite robust [Dohm et al., 2001]. We examine
chemical variations with respect to the three primary Martian age epochs from the formal stratigraphic systems
devised by Scott and Carr [1978]: Noachian, Hesperian
and Amazonian.

2. Methods
2.1. GRS Elemental Abundances
[6] Details as to the specific manner in which the GRS
data have been collected, reduced, and processed are
given by Boynton et al. (submitted manuscript, 2006) and
Evans et al. [2006]. Portions of this study use element
abundance data sets derived from a 2-degree base map
smoothed with a 10-degree arc-radius mean filter (5-degree
for K; see histograms in Figures 3 – 7). These are then
rebinned into data sets consisting of 5°  5° bins, which
have good counting statistics and provide the large number
of bins necessary for improving the confidence of our age
specific averages.
[7] Note that individual 5°  5° bins for each chemical
data set are not entirely computationally independent of one
another due to significant spatial autocorrelation effects
inherent to all nonimaging remote sensing observations
and the data reduction methods used specifically for generating GRS data sets [Haining, 2003]. The 10-degree arcradius mean filter (5-degree for K), areally large spacecraft
footprint, neutron capture correction factors (for Cl, Fe,
and H), and neutron scatter correction factors (for Si)
[Evans et al., 2006; Boynton et al., submitted manuscript,
2006], coupled with inherent compositional variation in
the Martian regolith, all cause some degree of autocorrelation between geographically proximate 5°  5° bins.
[8] Element abundance averages for each primary age
category (Figure 1 and see section 2.2) and the associated
standard errors of the calculated means were produced by
summing the individual spectra acquired over the geographic range covered by a particular age category
(Table 1). All errors reported throughout this text, table,
and figures are the calculated standard errors of the reported
means. The summation process for regional data is reviewed
by Boynton et al. (submitted manuscript, 2006) and Evans
et al. [2006]. Gamma ray spectra were collected during the
primary mapping period from June 8, 2002 through April 2,
2005.
[9] Hydrogen abundance increases dramatically poleward of about ±45° latitude corresponding to the inferred
higher concentration of near-surface ice. H concentrations
have a strong influence on the correction techniques used
for determining Fe, Si and Cl abundances. To compensate,
we have excluded Fe, Si, H and Cl data pole-ward of
45°– 60° latitude in both hemispheres using a cut-off
based upon water equivalent hydrogen concentration (the
H-mask) described by Boynton et al. (submitted manuscript,
2006). Elemental concentrations for K and Th are not
similarly affected by H concentrations, and therefore K
and Th abundance maps extend to both poles and the
standard H-mask is not warranted. However, extremely
high concentrations of water ice (e.g., very near the poles)
dilute these elemental signatures. Consequently, data for K
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Figure 1. Global map of apparent surface age used in this study. Ages were adapted from the USGS
Martian Geologic Investigations Series I-1802 (ABC) [Scott and Tanaka, 1986; Greeley and Guest, 1987;
Tanaka and Scott, 1987] and binned into a 1°  1° resolution grid. Three primary age categories have
been assigned (N, Noachian; H, Hesperian; A, Amazonian), as well as two less areally extensive
transitional age categories (N/H, Noachian-Hesperian; H/A, Hesperian-Amazonian). A gray scale MOLA
topography base map and labels of prominent geologic features and landing sites have been provided for
reference. For comparison to GRS element abundance data sets, we further rebinned age data to a 5°  5°
resolution.
and Th have been excluded in the pole-ward regions (75°+
latitude in both hemispheres). Choosing a slightly different
polar cutoff for these data (±5°) does not significantly
change our values or uncertainties.
2.2. Apparent Relative Surface Age
[10] Geologic maps provide, in a historical context,
fundamental syntheses of information of the materials,
landforms, and processes that characterize planetary surfaces and the basis for assessing the geologic, paleohydrologic, and paleoclimatic histories at local to global scales.
For Mars, the first global geologic map was produced on a
photo-mosaic of 1 – 2 km/pixel Mariner 9 images at
1:25,000,000 scale [Scott and Carr, 1978]. Next, Viking
orbiter data with resolutions of 100 to 300 m/pixel were
used to generate a series of three 1:15,000,000-scale maps,
covering the western [Scott and Tanaka, 1986], eastern
[Greeley and Guest, 1987], and polar [Tanaka and Scott,
1987] regions, all of which have been the standards for
Mars geology [Tanaka, 1986]. Stratigraphic relations and
morphologic characteristics form the basis for geologic unit
assignment for these maps, while relative ages were
assigned on the basis of crater densities and stratigraphic
and structural relations. We digitized print versions of these
maps into a 1°  1° data grid. Each cell was assigned the
single geologic unit that represented the most areally
dominant mapping unit within that particular cell. As
examples, a 1°  1° cell areally composed of approximately
75% Hesperian Ridged Plains Material (Hr) and 25%
Amazonian Knobby Plains Material (Apk) would be
assigned the Hr designation, as would a 1°  1° cell
composed of approximately 45% Hr, 30% Apk, and 25%

Table 1. Summary of Elemental Abundance Averages for Each
Primary Apparent Relative Age
Age Category
Element

Noachian

Hesperian

Amazonian

ppm ± S.E.
Number of binsa
Number of spectra
Th
ppm ± S.E.
Number of binsa
Number of spectra
Fe
wt% ± S.E.
Number of binsb
Number of spectra
Cl
wt% ± S.E.
Number of binsb
Number of spectra
Si
wt% ± S.E.
Number of binsb
Number of spectra
H2O
wt% ± S.E.
Number of binsb
Number of spectra

3260 ± 10
867
1,029,800

3340 ± 20
660
758,700

3070 ± 20
470
582,450

0.65 ± 0.02
867
1,029,800

0.64 ± 0.03
660
758,700

0.61 ± 0.03
470
582,450

13.6 ± 0.8
657
905,500

15.3 ± 0.9
377
481,810

14.6 ± 0.9
341
453,180

0.48 ± 0.03
657
905,500

0.47 ± 0.03
377
481,810

0.56 ± 0.04
341
453,180

20.7 ± 0.3
657
905,500

20.9 ± 0.4
377
481,810

20.1 ± 0.4
341
453,180

4.04 ± 0.24
657
905,500

3.49 ± 0.23
377
481,810

4.14 ± 0.27
341
453,180

K

a
Data set includes all bins up to ±75° latitude to exclude pole-ward
values that show dilution effects from large amounts of near-surface water
ice.
b
Data set includes all bins up to the ‘‘H-mask’’ (Boynton et al., submitted
manuscript, 2006) to exclude pole-ward values where correction techniques
for Fe, Cl, and Si are influenced by high H abundances.
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Figure 2. Graphical representation of the method used for
assigning a single apparent surface age (N, Noachian; H,
Hesperian; A, Amazonian) to a 5°  5° bin from the
originally compiled 1°  1° resolution map. The age
assigned to a 5°  5° bin is the mode of the included cells,
thus the dominant age category for the 5°  5° bin. On
average, the dominant age category for a given 5°  5° bin
makes up approximately 80% of the areal extent of the
included cells.
Noachian Plateau Ridged Unit (Nplr), since the Hr unit is
dominant in both these cases. Cells were then given a
specific age value based on the assigned geologic unit:
Noachian, Hesperian, or Amazonian (Figure 1). The USGS
geologic maps include some geologic units that do not
conform to a single stratigraphic system, straddling system
boundaries. For example, the HNu unit of the ‘‘Plateau and
High Plains Assemblage – Undivided Material’’ for the
Eastern Equatorial region of Mars [Greeley and Guest,
1987] is shown to straddle both the Noachian and Hesperian
systems. Such single units that cross the boundary between
two stratigraphic systems were assigned to one of two
intermediate age categories: Noachian-Hesperian and
Hesperian-Amazonian. No geologic units on any maps
considered in this study cross into all three primary stratigraphic systems. For the Martian surface, these apparent age
categories areally represent approximately 37% Noachian;
<7% Noachian-Hesperian; 27% Hesperian; <4% HesperianAmazonian; and 25% Amazonian, in general agreement
with areal extents determined in previous studies [Tanaka et
al., 1992; Nimmo and Tanaka, 2005].
[11] For comparison with the GRS element abundance
data sets and to conform more closely with the instrument’s
areally large 5°-radius footprint, our apparent relative age
data set was further smoothed by rebinning cells into
aggregate 5°  5° bins. This was done by assigning to
the 5°  5° bin the most areally dominant apparent relative
surface age for the included 1°  1° cells (illustrated in
Figure 2). While most 5°  5° bins were not entirely agehomogeneous, on average, the age category considered
dominant for any given 5°  5° bin made up more than
80% of the areal extent of the included cells. Further,
rebinning the apparent relative surface age data set into a
5°  5° resolution does not significantly change the areal
distributions of our age categories. Age categories must be
areally large to allow for higher confidence of our calculated
averages and thus for the purposes of this study, we have
excluded the less areally extensive intermediate age
categories (i.e., Noachian-Hesperian and HesperianAmazonian). The remaining bins were grouped into the three
main age regions (Noachian, Hesperian, and Amazonian)
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and elemental abundances were determined by summing all
gamma ray spectra collected for the individual regions. We
do not subdivide these three main regions (e.g., Early
Hesperian and Late Hesperian) both because we wish to
keep our age provinces areally large and finer age resolutions
based on crater count statistics and geologic interpretation
add additional uncertainty (see section 2.3). Areally small,
geographically separate outliers of the three main age regions
(<10°  10°) were excluded from the spectral summation
process as they are smaller than the instrument footprint and
would therefore suffer interference from adjoining regions.
[12] Note that we refer to these assigned values as
‘‘apparent relative’’ surface ages. Absolute dating of the
Martian surface is not yet possible and the surface ages used
in this study are based on the geologic mapping investigations noted above. See below for discussion of several
factors that may mask the ‘‘true’’ age of certain geologic
provinces and the implications for interpreting ageconcentration relationships.
2.3. Sources of Uncertainty for Apparent Surface Age
[13] The only means presently available for constraining
Martian surface age is through the analysis of crater count
statistics, cross-cutting relationships, and stratigraphic position. Carefully crafted global geologic mapping based upon
long established stratigraphic relationships were produced
first from Mariner 9 orbital photography and later from
Viking Orbiter images (see reviews by Tanaka [1986] and
Tanaka et al. [1992]). While the data set used in this study is
derived from the USGS global maps of Scott and Tanaka
[1986], Greeley and Guest [1987], and Tanaka and Scott
[1987], even more recent, highly detailed geologic mapping
was made possible by images returned from the Mars
Orbital Camera (MOC) with support from the Mars Orbital
Laser Altimeter (MOLA) aboard the Mars Global Surveyor
(MSG) spacecraft [Tanaka et al., 2003, 2005]. Thus it is
generally agreed that the stratigraphy of Mars, especially in
terms of broad-scale geologic features, is well understood.
[14] However, assigning reliable dates for stratigraphic
units is more problematic. While crater counting has proven
reliable for lunar surface dating, there are considerable
sources of uncertainty and caveats when applied to the
more-complex Martian surface [Ivanov, 2001; Hartmann
and Neukum, 2001; Neukum et al., 2001]. Alone, isochrons
determined by crater count statistics can only provide rough
age estimates, perhaps as imprecise as 1 Gyr or more
[Hartmann and Neukum, 2001]. Crater counts, along with
stratigraphic superposition and cross-cutting relationships,
can yield relative surface ages between geologic provinces
[Scott and Tanaka, 1986; Dohm et al., 2001, 2005;
Anderson et al., 2001]; however, ground sampling and
isotopic dating are required to determine an absolute surface
age. For the Moon, datable samples were returned via the
Apollo missions (see reviews by Taylor [1982, 2001]), but
no such sample return has yet been attempted for Mars. As a
result, although relative surface ages between Martian
provinces are believed to be well-constrained, absolute ages
are uncertain.
[15] Discussions continue about additional sources of
uncertainty regarding crater count derived surface ages.
Martian isochrons are calibrated using similar, betterconstrained, isochrons determined for the Moon. However,
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fundamental differences affecting the formation, evolution,
and bombardment history of these very different terrestrial
planets require the application of a number of correction
factors. Also, possible secondary craters (those formed by
ejecta from an initial primary impact) and nonimpact
craters, particularly at smaller diameters, may skew count
statistics [McEwen et al., 2005]. There are certain morphological indicators that allow secondaries to largely be
screened out; however, debate persists regarding their effect
on calculated surface ages.
[16] Recent work using high-resolution topography has
shown definitive evidence of ‘‘ghost’’ cratering or ‘‘quasicircular depressions,’’ large impacts lacking obvious morphological distinctions, but preserved as subtle, circular
topographic basins [Frey et al., 2002; Buczkowski et al.,
2005]. A new population of heretofore unknown large
impacts has important implications for apparent surface
ages and it has been suggested that the Northern Plains
may in fact be an ancient surface covered by a thin,
relatively young veneer. Additionally, and perhaps most
significantly, the crater count method of dating implicitly
assumes the long-term preservation of the crater record on
the surface. The Moon’s surface records a pristine cratering
history. However, it is becoming increasing clear that Mars
has long experienced a complex history of weathering and
resurfacing and its crater record is far from pristine. For
example, detailed geologic mapping investigations have
reported that geologic processes such as erosion, deposition,
lava emplacement, and tectonism have caused degraded
and/or embayed craters, as well as inflections and roll-offs
in crater-size distributions due to crater obliteration [Scott
and Tanaka, 1986; Dohm et al., 2001; Tanaka et al., 2006].
In addition, orbital and lander observations suggest crater
infilling and degradation is common [Hartmann and
Neukum, 2001; Golombek et al., 2006; Grant et al., 2006].
[17] Despite these possible problems with surface dating,
general stratigraphy and the relative formation ages of
significant features on Mars such as distinct geologic
provinces will be improved upon in the future, but not
totally revised. Current understanding of absolute ages and
durations of geologic periods, however, may be significantly
modified (e.g., there may be more Periods, Epochs, Eras,
etc.) [Fairén and Dohm, 2004]. Since rocks have not been
returned from known locations for absolute age determinations, geologic mapping combined with assessment of
mission data, which includes impact crater statistics,
cross-cutting relationships, and stratigraphic positions, collectively afford best estimates of the relative ages of
geologic provinces. Therefore the areal binning of our
apparent surface age categories is considered robust and
the GRS-based chemical averages for these categories are
unlikely to change significantly with future work.
2.4. Statistical Approach Comparing Means
[18] The summation of gamma ray spectra provides mean
elemental abundances and the associated standard errors of
those means for each age category. We performed z-statistic
tests when comparing differences in element abundance
averages across age categories. Abundances for all elements
conform to an approximately standard normal distribution.
Comparisons that reject the null hypothesis are reported as
‘‘statistically significant’’ with the respective confidence
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interval for that determination. Note, however, that small
statistically significant differences in calculated means
may not be significant or interpretable geologically (see
section 4).
[19] The large number of bins used in this study allow for
good precision for the calculated averages. Note that there
exists the possibility that future data calibration issues for
the GRS instrument may revise certain global element
abundance maps. However, while any such revisions may
affect absolute abundances, relative abundances are less
likely to change. Therefore the relative elemental abundance
differences across stratigraphic systems reported here are
likely quite robust.

3. Results
[20] The sections below detail the reported results of this
study. Results by element are subdivided into three categories: elements with decreasing abundance with younger
surface age (K and Th); elements with increasing abundance
with younger surface age (Fe and Cl); and elements that
show no statistically reliable relation with surface age or a
relationship not readily explained by geologic controls
(Si and H). A compiled summary of results is provided in
Table 1 along with listings of the included number of 5° 
5° bins used to determine the averages of each age category
and the approximate number of individual spectra used for
determining regional sums. Results are also plotted in
Figures 3 – 7 along with histograms of the 5°  5° bin
frequency. Note that for the histograms, individual 5°  5°
bins are not of equal weight due to an areal dependence on
latitude and may not properly represent age category means
precisely. All errors reported are the calculated standard
errors of the reported means.
3.1. K and Th
[21] As discussed by Taylor et al. [2006a, 2006b], K and
Th elemental abundances are not uniform across the Martian surface. Both K and Th abundances show a subtle but
significant decrease with younger apparent relative surface
age (Figures 3 and 4). K and Th abundances decrease most
significantly from the Hesperian to the Amazonian age
categories, with an approximate 9% decrease in K (from
3340 ± 20 ppm to 3070 ± 20 ppm) and 7% decrease in Th
(from 0.64 ± 0.03 ppm to 0.61 ± 0.03 ppm). These differences in mean abundances are statistically significant (i.e.,
they fail the null hypothesis for a z-statistic test) at 99.9%
confidence for K and 85% confidence for Th. From the
Noachian to the Hesperian age categories, there is a small
statistically significant increase in K abundance (from 3260 ±
10 ppm to 3340 ± 20 ppm) and a statistically insignificant
decrease in Th (from 0.65 ± 0.02 ppm to 0.64 ± 0.03 ppm).
The implications of these results are discussed below.
3.2. Fe and Cl
[22] Detailed discussions about the global distributions of
Fe and Cl are given by Taylor et al. [2006b] and Keller et al.
[2006], respectively. Both Fe and Cl abundances show a
subtle but significant increase with younger relative apparent surface age (Figures 5 and 6). Fe abundance increases
most significantly from the Noachian to the Hesperian age
categories, with an approximate 12% increase in Fe
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Figure 3. (left) Histograms of percentages of total 5°  5° bins versus age category. (right) Plot of
average K abundance versus apparent relative surface age with the calculated standard errors of the
means represented by the thickness of the lines. The most significant feature is the 10% decrease in K
abundance between the Hesperian and Amazonian age categories (age boundaries from Hartmann
[2005]).
(from 13.6 ± 0.8 wt% to 15.3 ± 0.9 wt%). This difference is
statistically significant (i.e., it fails the null hypothesis for a
z-statistic test) at 90% confidence. From the Hesperian to
the Amazonian age categories, there is a statistically insignificant decrease in Fe (from 15.3 ± 0.9 wt% to 14.6 ±

0.9 wt%). Cl abundances increase most significantly from
the Hesperian to the Amazonian age categories, with an
approximate 19% increase in Cl (from 0.47 ± 0.03 wt% to
0.56 ± 0.04 wt%). This difference is statistically significant
(i.e., it fails the null hypothesis for a z-statistic test) at 95%

Figure 4. (left) Histograms of percentages of total 5°  5° bins versus age category. (right) Plot of
average Th abundance versus apparent relative surface age with the calculated standard errors of the
means represented by the thickness of the lines. The most significant feature is the 7% decrease in Th
abundance between the Hesperian and Amazonian age categories (age boundaries from Hartmann
[2005]).
6 of 13
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Figure 5. (left) Histograms of percentages of total 5°  5° bins versus age category. (right) Plot of
average Fe abundance versus apparent relative surface age with the calculated standard errors of
the means represented by the thickness of the lines. The most significant feature is the 12% increase in
Fe abundance between the Noachian and Hesperian age categories (age boundaries from Hartmann
[2005]).
confidence. From the Noachian to the Hesperian age categories, there is a very minor statistically insignificant decrease in
Cl (from 0.48 ± 0.03 wt% to 0.47 ± 0.03 wt%). The
implications of these results are discussed below.

3.3. Si and H
[23] There are no geologically significant relations between apparent relative surface age and Si and H element
abundances. Although GRS has determined some geo-

Figure 6. (left) Histograms of percentages of total 5°  5° bins versus age category. (right) Plot of
average Cl abundance versus apparent relative surface age with the calculated standard errors of the
means represented by the thickness of the lines. The most significant feature is the 19% increase in Cl
abundance between the Hesperian and Amazonian age categories (age boundaries from Hartmann
[2005]).
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Figure 7. (left) Histograms of percentages of total 5°  5° bins versus age category. (right) Plot of
average H (as water equivalent hydrogen) abundance versus apparent relative surface age with the
calculated standard errors of the means represented by the thickness of the lines. While H abundance does
change across age categories, it is unlikely that such variation represents a true geologic process (age
boundaries from Hartmann [2005]).

graphic variations in Si abundance (Boynton et al., submitted manuscript, 2006), the full range over which Si varies is
relatively small and a correlation, if any, may be difficult to
discern by this method. There are notable changes in H
abundance (reported as water equivalent hydrogen;
Figure 7) across age categories. However, we interpret these
changes as coincidental and not representative of a geologic
process. The observed H age-relationship is more a function
of the latitudinal distribution of the age regions. Among
other factors [Baker, 2001], H (in the form of water ice or
hydrated mineral phases) has likely been transferred to
different regions of the planet by a variable climate caused
primarily by changes in planetary obliquity [Kieffer and
Zent, 1992]. As obliquity varies on a timescale shorter than
the stratigraphic systems defined for this study, a true H
versus surface age relation is not expected.

4. Discussion
4.1. Secular Variations in K and Th
[24] As detailed by Taylor et al. [2006a] and Karunatillake
et al. [2006], K, Th and the K/Th ratio do vary across the
surface of Mars. K and Th are positively correlated with
each other and the areal fraction of Surface type 2 determined
with the Mars Global Surveyor Thermal Emission Spectrometer (MGS-TES) [Karunatillake et al., 2006]. However,
GRS observations show that these variations are muted
when compared to K and Th variations measured on
Earth or in lunar samples. The K/Th ratio varies subtly;
primarily a response to varying Th and broadly independent of K abundance which has less variance globally.
Although outlier regions exist, for most measured elements, GRS observations generally show Mars to be a

fairly chemically homogeneous planet compared to the
Earth or the Moon, despite obvious geologic and morphologic surface diversity. This lack of chemical diversity
has been attributed to a number of factors. First, the longterm, broad-scale mixing of Martian surface components
through a combination of aqueous and eolian transport
and impact gardening would buffer chemical variations
[Greeley et al., 1992; Hartmann et al., 2001]. Also, the
absence of active plate tectonic processes prevents the
continued recycling, fractionation, and evolution of crustal
material typically seen in subduction and collision zone
environments on Earth. The global component of air fall
dust transported around the planet by frequent dust storm
events also contributes to surface chemical homogeneity
[Kahn et al., 1992]. This GRS globally observed, chemical homogeneity supports landing site chemical analyses
of Martian soils. While some concentration variation in
certain elements can be found among landing sites (e.g.,
K concentrations), in situ measured soils are generally
indistinct despite considerable geographic landing site separation [Clark et al., 1982; Brückner et al., 2003; Gellert et
al., 2004; Rieder et al., 2004; Yen et al., 2005] and most
variation is believed to result from local chemical contributions. Consequently, observed secular variations in elemental abundances are expected to be subtle.
[25] The K and Th abundances and their relationship
provide a great deal of information about the formation
and evolution of a terrestrial planetary body. Both are highly
incompatible large ion lithophile elements. Because of their
similar high degree of incompatibility, they generally do not
fractionate significantly from one another through purely
igneous processes. However, while K is a moderately
volatile element, Th is refractory. Therefore the K/Th ratio
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has been used as a proxy for the loss of volatile elements
during planetary accretion and early development [Taylor,
2001; McLennan, 2003]. Previous models of bulk planetary
composition are supported by the GRS derived globally
averaged K/Th ratio suggesting Mars is a volatile rich planet
compared to Earth (i.e., crustal K/Th of 5500 for Mars;
crustal K/Th of 2600 for Earth) [Taylor et al., 2006b;
McLennan, 2003; Wänke and Dreibus, 1988, 1992].
[26] A variety of models predict various and differing
behavior for the suite of incompatible elements during early
planetary evolution [Borg and Draper, 2003; Elkins-Tanton
et al., 2003, 2005]. The possible overturn of an early
magma ocean may complicate lateral and vertical variations
in elemental abundances throughout the mantle and subsequently, the crust. However, it is generally believed that
incompatible elements such as K and Th (D  1) are
preferentially sequestered into crustal materials during planetary differentiation and mantle melting; resulting in an
enriched crust and depleted upper mantle [McLennan,
2003]. Consequently, planetary crusts derived from older,
primitive mantle sources will have chemical compositions
highly enriched in incompatible elements. Conversely,
younger crusts are usually produced from more evolved
upper mantle sources already stripped of much of their
incompatible element budget. Therefore younger crustal
material will typically be depleted in incompatible elements
relative to older crusts, but still enriched with respect to the
bulk planet. This expected secular variation in K and Th is
supported by GRS observations (Figures 3 and 4). Variations in both K and Th abundance between the Noachian
and Hesperian age categories are small (with the Th
variation between these age categories being statistically
insignificant; see section 3) and we do not interpret any
geologic significance. However, there is a statistically
significant variation across the Hesperian and Amazonian
age boundary with abundances decreasing for both elements. This result, showing both elements decreasing together with younger ages, broadly supports the hypothesis
of a primarily igneous origin as the cause of K and Th
variations, with younger crustal terrains derived from a
more depleted mantle rock source.
[27] It has been suggested that K and Th variations could
be due to aqueous weathering and transport and it has been
further noted that K and Th can and do fractionate from one
another through certain aqueous alteration processes [Taylor
et al., 2006a]. In most terrestrial weathering situations, K is
more mobile than Th and a vigorous alteration environment
should result in a significant variation in the K/Th ratio, a
result not generally observed by the GRS instrument.
However, several recent studies have suggested that the
Martian surface, far from experiencing generally neutral pH
conditions such as those found most frequently on Earth,
may have been subjected to highly acidic weathering
environments in the past [Tosca et al., 2004, 2005; Hurowitz
et al., 2006]. Although the solution chemistry is complex
and will not be described here; typically, Th becomes far
more soluble with decreasing pH [Taylor et al., 2006a]. This
implies that for an acidic Mars, the K/Th ratio may be less
affected in response to aqueous processes. Note, however,
that the most likely result of broad scale aqueous alteration
could be the gradual depletion of K and Th in the older
terrains. Noachian and Hesperian provinces would have
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been subjected to both a longer duration of aqueous
alteration, as well as the more active weathering environment reported for the Noachian [Fairén et al., 2003]. The
secular variations observed in this study (higher K and Th
concentrations in older terrains) therefore do not readily
support aqueous alteration as the sole cause of global
variations in K and Th (Figures 3 and 4). While regional
exceptions exist, planet-wide, weathering is likely a second
order cause of K and Th variation [see also Karunatillake et
al., 2006].
[28] As has been reported elsewhere, the K and Th
concentrations for almost all the SNC meteorite samples
for which reliable chemical analyses have been performed
are substantially lower than the global and regional abundance averages reported by GRS [Meyer, 2003; Taylor et
al., 2006a, 2006b]. Clearly then, at least for the heat
producing elements, the SNCs are not representative of
the bulk crust or any specific age province and appear to
be derived from an extremely depleted source. K and Th
abundances for SNCs with published age analyses are
plotted on Figure 8 along with system age abundance
averages. By Martian standards, the SNC meteorites are
quite young. All, save one, have isotopically determined
ages younger than 1.3 Ga (the ancient ALH84001 is the sole
reliable exception, dated between 4.5 and 4.0 Ga) [Jagoutz,
1991; Nyquist et al., 2001].
4.2. Secular Variations in Fe
[29] Boynton et al. (submitted manuscript, 2006) and
Taylor et al. [2006b] described the Fe abundance distribution across the Martian surface. They report a Fe concentration dichotomy, with higher Fe abundances in the
northern lowlands and lower Fe abundances in the southern
highlands. Also, GRS observations are consistent with
previous models of bulk chemistry suggesting Mars is a
Fe-rich planet compared to Earth [Wänke and Dreibus,
1992].
[30] The Fe concentration difference between the Hesperian and Amazonian age categories is statistically insignificant; however, there is a statistically significant increase in
Fe concentration of 12% between the Noachian and
Hesperian (Figure 5). Is this change a result of primary
igneous origin, surface alteration processes, or a combination of both? Our analysis of apparent surface age versus Fe
abundance is ambiguous. The Fe increase, while statistically
real, cannot be reliably attributed to a purely igneous or
sedimentary process.
[31] A relatively modest compositional change in a parent
magma could explain the Fe abundance different between
the Noachian and Hesperian surfaces. However, in younger,
more evolved magmas, we would expect a positive correlation between Fe and Si. As mentioned above, Si appears
largely invariant across age categories and if a correlation
exists, it may be too subtle to discern by this method. As
such, a purely igneous origin for such a subtle secular
variation in Fe abundance may be unrelated to larger issues
regarding planetary crustal evolution.
[32] The processes affecting the weathering and mobility
of Fe on the Martian surface are very different from those
normally seen in terrestrial environments. As mentioned
above, Mars may have experienced a far more acidic
weathering environment [Tosca et al., 2004, 2005; Hurowitz
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Figure 8. Expanded plots of K and Th abundances with the calculated standard errors of the means
represented by the thickness of the lines as well as elemental abundances of the Martian meteorites with
reliable published dating and chemical analyses (see compilation by Meyer [2003]). Note that irrespective
of the ages of the meteorites, all (save the Los Angeles meteorite with a noncharacteristic high Th value)
show significantly lower K and Th abundances than the broad-scale averages reported by the GRS
instrument (age boundaries from Hartmann [2005]).
et al., 2006], implying several complications for iron
solubility and secondary mineralogy. With lower pH and
increased solubility, Fe could have been leached out of the
southern highlands and been deposited onto the northern
lowlands through long-term, aqueous transport [Scott et al.,
1995; Fairén et al., 2003, 2004; Tanaka et al., 2003, 2005].
However, global transport of the kind necessary to cause
broad-scale stripping of Fe from the southern highlands
would have required significant long-term circulation of
water no matter what the pH of the interacting fluids.
Evidence of periodic surface water flow on the Martian
surface has been documented [Fairén et al., 2003];
however, it is unclear if even a warmer, wetter ancient Mars
was hydrological active enough to support such a vigorous
aqueous transport system. Also, acidic weathering and
transport of Fe and subsequent enrichment in younger
terrains is not directly supported by the K and Th data
which shows the opposite and argues against leaching.
4.3. Secular Variations in Cl
[33] Keller et al. [2006] documents the GRS-determined
heterogeneous distribution of Cl across the Martian surface
and explores in detail the geologic mechanisms that might
lead to such a variation. They report that Cl abundances
vary by a factor greater than 4 and conclude that Cl and H
have the strongest positive correlation of any elements
studied and Cl correlates negatively with Si abundance
and thermal inertia. Cl accounts for a significant amount
of the observed total global chemical variation [Gasnault,
2006]. Geologic processes that may govern the Cl surface
distribution include: eolian transport of a Cl-rich globally
ubiquitous dust component; aqueous leaching and transport
of Cl through groundwater systems; acid-fog reactions of
volcanic materials; and hydrothermal alteration. In light of
the degree of Cl variation, it is likely that combinations

of these processes were at work across the Martian surface
in various regions and at various times. The strong correlation between Cl and H implies that Cl is involved in the
Martian hydrologic cycle. Furthermore, a region of anomalously elevated chlorine centered over Medusa Fossae
records a long-lived history of magmatism, tectonism, and
paleohydrologic activity which is reported to be often linked
in space and time [Keller et al., 2006]. Also, in situ soil
measurements by lander and rover missions generally show
correlations between Cl and S concentrations, again supporting a hydrologic control [Wang et al., 2006].
[34] Of the elements studied, Cl shows the strongest
variation with apparent surface age (Figure 6). Amazonian
terrains have an average Cl abundance 19% higher than
older terrains. The very small decrease in Cl abundance
between the Noachian and Hesperian age categories is not
statistically significant. The marked increase in Cl with
younger surfaces provides support for a number of hypotheses, although no process can be uniquely determined as the
primary cause of the age correlation and combinations of
processes are likely. Younger terrains with more recent
active volcanism would likely be a significant source of
Cl in the near-surface environment, whereas ancient, more
heavily weathered surfaces may have been stripped over
time of their Cl through aqueous processes prevalent during
warmer and wetter periods of Martian history.
[35] To put Cl age category abundances in context with
other observations, Figure 9 shows the Cl abundance
averages for each age category in relation to average Cl
concentrations in soils measured by the successful lander
missions: Viking 1, Pathfinder, Spirit, and Opportunity
[Clark et al., 1982; Brückner et al., 2003; Gellert et al.,
2004; Rieder et al., 2004]. Also plotted is the Cl concentration for the average Gusev Plains basalt derived from
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can be achieved with the addition of only 0.1 – 0.2 wt%
of a Cl-bearing salt phase. Note also the Martian landing
site selection bias which maximizes the probability of
locating signs of liquid surface water. As Cl and H (in the
form of hydrated mineral phases or sub-surface ice) show
strong positive correlations, it is probable that landing sites
selected for water enrichment will also be enriched in Cl.

5. Summary

Figure 9. Expanded plot including average soil Cl
abundances from landing site analyses. Note that irrespective of the age category, all landing site average soil
abundances plot above the broad-scale averages reported by
the GRS instrument. Also plotted below, the Cl abundance
for average Gusev Plains basalts determined from in situ
APXS measurements of rocks abraded by the Spirit Rock
Abrasion Tool (RAT) [Clark et al., 1982; Brückner et al.,
2003; Gellert et al., 2004; Rieder et al., 2004].
samples that have been abraded by the Spirit Rock Abrasion
Tool (RAT) and thus presumably represents an igneous
composition without surface alteration effects [Gellert et
al., 2004]. Note that Cl concentrations for all soil averages
are higher than any of the age category averages, while the
average Gusev Plains basalt plots significantly lower than
the age category averages.
[36] We expect Cl measurements for soils to be generally
higher than GRS averages. First, the areally large resolution
footprint of the GRS instruments and superior penetration
depth of tens of centimeters measures a mixture of both
soils and rocks (generally Cl-poor) [Keller et al., 2006].
Also, the Spirit and Opportunity rovers have observed
concentrations of subsurface salts in the uppermost soil
layers [Haskin et al., 2005; Clark et al., 2005; Wang et al.,
2006]. The GRS penetration depth is deeper than the
sampling depths of all surface soil or trench observation
on any lander or rover to date. Landers may be preferentially sampling salt-rich soils, yielding higher measured Cl
concentrations. To achieve a Cl concentration on the order
of the age category averages only requires an approximate
0.5 wt% addition of a Cl-bearing salt (e.g., halite) to an
average Gusev Plains basalt starting composition. The
19% difference in Cl abundance averages between the
older and younger age categories (0.47 – 0.48 wt% for
Noachian and Hesperian; 0.56 wt% for Amazonian)

[37] The data reported and analyzed here support several
important conclusions about the nature of the Martian crust.
K and Th abundances both show significant decreases with
younger apparent surface age. Although weathering and
broad-scale transport in an acidic environment could cause
some of the variation in these elemental abundances, the age
relationship suggests an igneous origin. Younger resurfacing magmas were likely derived from a more evolved,
depleted mantle source when compared to the older terrains
derived from a more primitive mantle. All abundance
averages for all age categories are higher than those determined for the SNC meteorites suggesting that, in this
respect, the SNCs are not representative of the bulk Martian
crust. Fe abundances show an increase with younger apparent surface age. However, the cause of this increase cannot
be uniquely interpreted as igneous, alteration and weathering, or a combination of both. In a generally acidic Martian
surface environment, Fe would be far more mobile than in
typical terrestrial weathering scenarios. Alternately, a relatively modest change in primary igneous magma composition could lead to the abundance increase seen in the GRS
data. Cl abundances increase with younger surface age,
possibly the result of volcanic activity in younger provinces
and the leaching of Cl from older, weathered terrains. The
involvement of Cl in the Martian hydrologic cycle is
supported by the close correlation between GRS determined
Cl and H abundances. The global Cl averages determined
for all age categories are lower than average soil compositions sampled at landing sites. However, given the site
selection bias of landed missions and the disparate sampling
depths of GRS versus in situ lander observations, higher Cl
in individual measured soils is not unexpected. No statistically or geologically significant correlation was found
between elemental abundance and apparent surface age
for Si or H, nor was a correlation expected as Si varies
little over the planet and H redistribution occurs at faster
timescales.
[38] While this study examines the relationships between
Martian crustal chemistry and apparent surface age,
uncertainties in both data sets allow us to make only first
order observations. Surface samples, with well determined
laboratory analyzed dating will help constrain the absolute
ages of geologic provinces on Mars. With improving
counting statistics, other elemental data sets may become
available. For example, regional data for U can help
constrain the K/Th system, and maps of S would greatly
improve our understanding of the global weathering
environment.
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